Nine male volunteers were exposed to 2H,-toluene (200 mg/m3 for two hours during a workload of 50 W) via inspiratory air with the aid of a breathing valve and mouthpiece. Labelled toluene was used to differentiate between hippuric acid originating from exposure to toluene and hippuric acid normally excreted in urine. The total uptake of toluene was 2-2 (standard deviation (SD) 0 2) mmol, or 50% of the amount inhaled. Four hours after the end of exposure 1-4 (SD 0 3) mmol or 65% of the total uptake had been excreted in urine as 'Hhippuric acid and 20 hours after the end of exposure the cumulative excretion of 'H-hippuric acid was 1-8 (SD 0-3) mmol, or 78% of the total uptake. By contrast the cumulative excretion of labelled plus unlabelled hippuric acid exceeded the total uptake of toluene already after four hours. The excretion rate of 'Hhippuric acid was highest, about 5 pmol/min, during exposure and the SD between the subjects was low. The background concentrations of unlabelled hippuric acid in urine were high, however, and there were large differences between subjects. These findings confirm earlier indications that for low exposure, urinary hippuric acid concentration cannot be used for biological monitoring of exposure to toluene.
could present a more accurate estimate of dose, however, and eventually relate better to the health effects of solvents than environmental monitoring of air (1) to compensate for pulmonary ventilation due to the workload, (2) when a solvent is absorbed through the skin rather than or in addition to the respiratory route, (3) when interaction of the chemical with other environmental and workplace chemicals may modify the rate of elimination and thus influence the toxicity of the chemical. For example, the concentration of toluene in blood is increased twofold by simultaneous intake of ethanol.' Thus monitoring of environmental concentrations gives misleading information about the internal exposure to toluene.
Toluene is a solvent commonly used in paint, plastics, and printing as well as other chemical industries.2 There is a well documented dose dependent relation in humans between the concentration of toluene in inhaled air and that in blood.3 It has also long been known that a strong correlation in humans exists between the toxicity oftoluene and the concentration oftoluene in inhaled air. The acute neurotoxic effects of toluene increased in severity from mild headache at low doses (50 ppm) to muscular weakness, nausea, and impaired coordination at higher doses (100-200 ppm). 4 26 In an earlier study of the toxicokinetics of toluene in humans, volunteers were exposed to toluene during standardised exposure to 200 mg/m' toluene on three occasions. The excretion of hippuric acid showed large intra-individual variations both before and after exposure.' As well as the large intraindividual variations at the three exposure occasions large inter-individual variations were also found.
Because ofthese large variations an exposure study was designed in which the aim was to follow the excretion of hippuric acid originating from toluene separately from hippuric acid originating from other sources. For this purpose a study with inhalation exposure to 2H8-toluene was conducted.
Materials and methods

SUBJECTS
Nine male volunteers, with an average age of 29 (range and an average weight of 75 (range 70-90) kg participated in the study. All participants were considered healthy according to a general medical examination preceding the experiment. The subjects were instructed to avoid work with organic solvents and to refrain from alcoholic beverages and drugs for at least two days before the exposure. The study was approved by the regional ethical committee at the Karolinska Institute, Solna, Sweden. 
TOXICOKINETIC MEASUREMENTS AND ANALYSIS
The total respiratory uptake of toluene during each exposure period was calculated as the difference between the total amount of solvent in inhaled and exhaled air. The exhaled air from each subject was collected in polyester laminated aluminium foil bags for six periods of about six minutes each at regular intervals during the exposures for determination of the expired air volume and the mean pulmonary ventilation was calculated. The concentration of toluene in exhaled air during exposure was analysed as described for samples taken from the respiratory air bags. The relative uptake (R) of toluene for each 20 minute period was calculated from the formula R (%) = (Cin-Cex)/Cin x 100, where Cin and Cex are the toluene concentrations in inhaled and exhaled air respectively. Total pulmonary uptake (U) was calculated according to the equation U = t x VE (CnCex), where t is the time and VE is the pulmonary ventilation corrected to body temperature and pressure and saturated air.
The concentration of toluene in blood was determined before onset of the exposure and at selected intervals during and up to 3 hours after exposure. Capillary blood samples of 200 ,ul were obtained from a prewarmed finger tip. The blood samples were transferred to gas tight head space bottles that were immediately sealed with teflon lined membranes. After equilibration at 37°C for 30 minutes the head space of the blood samples was analysed by gas chromatography with a head space autosampler technique (0 4% Carbowax A on Carbopack A, 2 m, 160°C, nitrogen flow 30 ml/min, flame ionisation detector, Perkin Elmer F45, Perkin Elmer LC1-100 integrator). The error of the method for determination of toluene in the blood was 4%.
The total amount of urine was collected immediately before onset of exposure and up to 20 hours after exposure. The concentration of labelled and unlabelled hippuric acid in urine was determined by gas chromatography-mass spectrometry (GC-MS) with o-methyl hippuric acid (Aldrich) as inter- 
Results
The total uptake of toluene during two hours of exposure was on average 2-2 (SD 0-2) mmol and represented around 50% of the amount inhaled. During the first 20 minutes of exposure the relative uptake averaged 55% and declined to 46% at the end of exposure. A fairly constant retention was achieved after 60 minutes of exposure (table) . During the exposure the concentration of toluene in the blood rose rapidly after the onset of exposure and then levelled off towards the end of exposure (fig 1) . The elimination from the blood was considered triphasic during the time studied. The halflives (tl,2) oftoluene were three minutes for the initial (a) phase, 40 minutes for the rapid elimination (fi) phase, and 738 minutes for the slow elimination (y) phase.
The excretion rate of 2H-hippuric acid was highest, about 5 ,mol/min, in the sample taken immediately after the end of exposure. The SDs between subjects were small (fig 2) . From the onset of exposure until 11 hours after the exposure the half life was 5-6 hours. The excretion rate of unlabelled hippuric acid was between 3 and 5 pmol/min during the measuring period, and the SDs between subjects were high.
Four hours after the end of exposure 1-4 (SD 0-3) mmol or 65% of the total uptake was excreted in the Lof, Wigaeus Hjelm, Colmsio, Lundmark, Norstrom, Sato urine as 2H-hippuric acid and 20 hours after the exposure 1-8 (SD 0 3) mmol or 78% had been excreted (fig 3) . The cumulative excretion of both labelled and unlabelled hippuric acid was 3-4 (SD 0-9) mmol already after four hours and thus exceeded the uptake of toluene. After 20 hours the totally excreted amount was 8-0 (SD 2-2) mmol hippuric acid or almost four times higher than the uptake of toluene.
Discussion
The main quantity of 2H-hippuric acid was excreted within four hours after the end of exposure. The highest excretion rate of hippuric acid was found during the exposure. Twenty hours after the exposure about 80% of the dose was excreted as 2H-hippuric acid. The excretion of 2H-hippuric acid reflected the toluene uptake and the inter-individual variations were small. The background concentrations of hipp`u`rc acid normally found in urine are high, however, and there are large inter-individual variations. Szadkowski et al have shown that a meal of food containing benzoic acid caused a threefold and in particular cases a 10-fold increase of hippuric acid excretion. 29 The normal concentration of hippuric acid in the morning urine is 1-2 g/l and after a meal with low intake of benzoic acid 0-75 g/l. Soft drinks may increase the concentration of hippuric acid in urine as much as exposure to 200 mg/m3 toluene.2730 Consequently hippuric acid in urine is questionable as a biological index of exposure to toluene.
These findings confirm the opinion that, for exposures of about 200 mg/m3 or less, individual hippuric acid concentrations cannot differentiate occupationally exposed subjects from controls.2' 31 A good biological indicator must be capable of evaluating even low exposures, not only in a group of exposed subjects, but also in individual subjects.
o-Cresol has been suggested as a more specific biological test of exposure to toluene.'232 Only a very small proportion ofthe retained toluene is excreted as o-cresol ( < 1 %), however, which raises the question as to whether this metabolite is suitable for biological monitoring at low exposures. It has also been shown that smokers have a three times higher background level of urinary o-cresol excretion compared with non-smokers, probably due to the content of o-cresol in cigarettes. 23 Biological monitoring by determining toluene concentrations in blood or expired air has been recommended.' 20 
